Fluid-phase pinocytosis of LDL by macrophages is regarded as a novel promising target to reduce macrophage cholesterol accumulation in atherosclerotic lesions. The mechanisms of regulation of fluid-phase pinocytosis in macrophages and, specifically, the role of Akt kinases are poorly understood. We have found previously that increased lipoprotein uptake via the receptor-independent process in Akt3 kinase-deficient macrophages contributes to increased atherosclerosis in Akt3 ؊/؊ mice. The mechanism by which Akt3 deficiency promotes lipoprotein uptake in macrophages is unknown. We now report that Akt3 constitutively suppresses macropinocytosis in macrophages through a novel WNK1/SGK1/Cdc42 pathway. Mechanistic studies have demonstrated that the lack of Akt3 expression in murine and human macrophages results in increased expression of with-no-lysine kinase 1 (WNK1), which, in turn, leads to increased activity of serum and glucocorticoid-inducible kinase 1 (SGK1). SGK1 promotes expression of the Rho family GTPase Cdc42, a positive regulator of actin assembly, cell polarization, and pinocytosis. Individual suppression of WNK1 expression, SGK1, or Cdc42 activity in Akt3-deficient macrophages rescued the phenotype. These results demonstrate that Akt3 is a specific negative regulator of macropinocytosis in macrophages.
Professional phagocytes such as macrophages constantly probe the extracellular milieu for foreign agents. Although larger particles are engulfed by phagocytosis, the soluble material and small particles are internalized by fluid-phase pinocytosis. Pinocytosis includes macropinocytosis, proceeding via membrane ruffling and formation of large vacuoles, and micropinocytosis, occurring via membrane invagination and subsequent pinching of small vesicles. Phagocytosis and macropinocytosis are driven by actin polymerization initiated by activation of the Rho-family GTPases (1) . Micropinocytosis, on the other hand, may be actin-dependent or -independent (2, 3). The membrane ruffling that underlies macropinosome formation occurs continuously, in contrast to phagocytosis, which is believed to be a receptor-initiated process (4) . Although phagocytosis and pinocytosis are part of the innate immune system, under conditions of hyperlipidemia, they can contribute to macrophage lipoprotein uptake and cholesterol accumulation, an early critical step in atherogenesis (5) .
LDL is the major source of lipids for macrophage foam cell formation. Macrophage uptake of LDL occurs via scavenger receptor-mediated uptake of modified LDL and via receptorindependent processes (6, 7) . Receptor-independent fluidphase pinocytosis recently attracted significant attention because this process does not require LDL to be modified, but it can still lead to cholesterol accumulation to levels characteristic of foam cells in atherosclerotic plaques. More than 95% uptake of unmodified LDL by murine macrophages is accounted by macropinocytosis and micropinocytosis (8) . Both types of pinocytosis substantially contribute to LDL uptake and cholesterol accumulation in human and murine macrophages (9) . Almost all micropinocytotic uptake of LDL occurs in an actindependent manner (9) , indicating that actin assembly plays a pivotal role in pinocytosis of LDL by macrophages. Importantly, it has been demonstrated that fluid-phase pinocytosis by macrophages occurs within mouse atherosclerotic plaques, indicating that this pathway contributes to macrophage cholesterol accumulation in vivo (10) . Induction of constitutive pinocytosis because of activation of Rac1, Cdc42, and Rho has been shown to increase atherosclerosis in receptor-interacting protein 2 (Rip2)-deficient mice (11, 12) . Consequently, fluidphase pinocytosis of LDL by macrophages is regarded as a novel promising target to reduce macrophage cholesterol accumulation in atherosclerotic lesions (10, 13) .
Mechanisms regulating pinocytosis in macrophages are complex and incompletely understood. Stimulation of pinocytosis requires activation of the PI3K/Akt pathway in some but not all cells (14, 15) . PI3K/Akt positively regulates actin filament remodeling, a key element of pinocytosis (16, 17) . Three Akt isoforms, encoded by three separate genes, are expressed in mammals. All three isoforms are expressed in macrophages; however, the role of individual forms of Akt in macrophage function is only starting to emerge (18, 19) . Phenotypic analysis of the deletion of individual Akt isoforms and combined dele-tions in the mouse suggests that isoforms may play compensatory as well as complementary roles (20) . However, evidence accumulates that isoforms may have distinct functions, even at the cellular level (21) .
Akt3 is reported to mainly participate in brain development, neurological function, and specific types of cancer (22) . Our recent study demonstrated that the lack of Akt3 expression in macrophages promotes atherosclerosis via increased accumulation of cholesterol via enhanced receptor-independent uptake of LDL and increased expression of ACAT1 by these cells (21) . In this study, we explored the mechanism of increased uptake of LDL in Akt3 Ϫ/Ϫ macrophages. We found that Akt3 controls a novel pathway of actin-dependent macropinocytosis in macrophages by suppressing the expression of WNK 2 and activity of SGK1, two kinases that have not been implicated previously in pinocytosis. We further demonstrated that increased activity of SGK1 leads to activation of Cdc42-dependent actin assembly and promotes lipoprotein uptake via macropinocytosis.
Results

Akt3 deficiency leads to increased uptake of LDL via macropinocytosis in murine and in human macrophages
In agreement with our previous study (21) , we observed increased uptake of Lucifer yellow dye by Akt3 Ϫ/Ϫ macrophages, indicating increased fluid phase uptake (Fig. 1A) . We hypothesized that Akt3 deficiency in macrophages will lead to increased uptake of LDL via the pinocytotic pathway. To test this hypothesis, we cultured murine peritoneal macrophages (MPMs) isolated from wild type and Akt3 Ϫ/Ϫ mice with high concentrations of 125 I-LDL (100 g/ml), which allowed us to detect uptake of LDL via nonspecific processes such as pinocytosis. We observed enhanced uptake of 125 I-LDL by Akt3
MPMs (Fig. 1B) . To investigate whether loss of Akt3 directly contributes to the phenotype of Akt3 Ϫ/Ϫ MPMs, we transfected Akt3 Ϫ/Ϫ MPMs with Akt3 cDNA. Western blot analysis showed adequate expression of both the HA tag and Akt3 in Akt3 Ϫ/Ϫ MPMs transfected with Akt3 cDNA (Fig. 1C) . The transfection efficiency in these experiments assessed using antibody against HA reached 51.4% (Fig. 1D) . The phenotype of Akt3 Ϫ/Ϫ MPMs was partially rescued by overexpression of Akt3 in these cells (Fig. 1, E and F) . To test whether downregulation of Akt3 expression would affect pinocytosis in human macrophages in a similar manner, we performed Akt3 knockdown in human monocyte-derived macrophages (MDMs) by siRNA approach. Western blot analysis confirmed significant inhibition of Akt3 expression by Akt3-specific siRNA (Fig. 1G ). Akt3 suppression was associated withtk;1 enhanced cholesterol accumulation in human MDMs incubated with LDL, suggesting that enhanced pinocytosis may significantly contribute to foam cell formation (Fig. 1H) . Taken together, these results demonstrate that a lack of Akt3 expression activates pinocytosis in murine and human macrophages.
Fluid-phase pinocytosis can occur by either micropinocytosis or macropinocytosis, and both processes may depend on actin polymerization (9) . To test which process is activated in Akt3 Ϫ/Ϫ macrophages and whether this process is actin-dependent, we performed a pinocytosis assay using WT and Akt3
MPMs in the presence of an Src family kinase inhibitor (SU6656), vacuolar H ϩ -ATPase inhibitor (bafilomycin A1), or an inhibitor of actin polymerization (cytochalasin D). It has been reported that SU6656 inhibits macrophage macropinocytosis, whereas bafilomycin A1 inhibits micropinocytosis but not macropinocytosis (9) (supplemental Fig. S1C ). SU6656 and cytochalasin D abolished increased pinocytosis in Akt3 Ϫ/Ϫ macrophages ( Fig. 2A) , suggesting that a loss of Akt3 in MPMs stimulates actin-dependent macropinocytosis but not micropinocytosis. Furthermore, cholesterol accumulation in human MDM with suppressed expression of Akt3 was inhibited by SU6656 and cytochalasin D (Fig. 2B ).
Akt3
؊/؊ macrophages display no increase in expression or activity of Akt1/Akt2
Akt is a known regulator of actin-dependent macropinocytosis (23) . Akt1 and Akt2 regulate actin filament formation by either inhibiting or promoting actin assembly and rearrangement (24) . To test whether Akt1 and/or Akt2 are responsible for enhanced actin-dependent macropinocytosis in Akt3
MPMs, we assessed Akt expression and phosphorylation status in these cells. Phosphorylation of Akt in macrophages was induced by M-CSF, a cytokine that plays an essential role in monocyte-macrophage functions, including pinocytosis, cell migration, chemotaxis, and cytokine production. We observed slightly decreased phosphorylation of Akt (Ser-473/Thr-308) as well as mildly reduced total Akt expression in Akt3 Ϫ/Ϫ MPMs, which likely reflects a loss of Akt3 expression (Fig. 3A) . No change in Akt1 and Akt2 expression was found in Akt3 Ϫ/Ϫ MPMs (Fig. 3A) , ruling out increased expression or activation of Akt1/Akt2 as a mechanism for increased pinocytosis and actin assembly. We also tested whether increased pinocytosis in Akt3 Ϫ/Ϫ MPMs depends on major downstream molecules of the Akt signaling pathway, such as mechanistic target of rapamycin (mTOR), glycogen synthase kinase 3, and NFB. We observed a significant change in pinocytosis of Akt3 Ϫ/Ϫ MPMs after treatment with the inhibitors of the abovementioned pathways (Fig. 3B) , again indicating that Akt1/2 expression activity is not responsible for enhanced pinocytosis in Akt3 Ϫ/Ϫ macrophages.
Enhanced activity of SGK1 promotes pinocytosis in Akt3
؊/؊ murine peritoneal macrophages SGK1 kinase belongs to the AGC (protein kinase A, G, and C) family of kinases and shares the upstream activation pathways and consensus phosphorylation motif with Akt (25) (26) (27) . A lack of Akt can be compensated in some cells by elevated SGK1 (28) . We hypothesized that SGK1 may have a role in increased pinocytosis in Akt3 Ϫ/Ϫ macrophages. The SGK1 protein level was not significantly changed in Akt3 Ϫ/Ϫ MPMs (Fig. 3C, top  panels) . However, phosphorylation of NDRG1, an SGK1-spe- 
MPMs. Wild-type or Akt3
Ϫ/Ϫ MPMs were cultured in RPMI 1640/10% FBS medium containing 0.5 mg/ml Lucifer yellow dye at 4°C or at 37°C for 2 h. Cells were washed, lysed by Triton X-100, and Lucifer yellow was quantified by spectrofluorometry (n ϭ 6). B, uptake of Ϫ/Ϫ MPMs cultured in the presence of 1 mg/ml LDL and in the presence or absence of 25 g/ml SGK1 inhibitor (SGK1i) for 24 h (n ϭ 8). F, effect of SGK1 inhibitor (GSK-650394, 25 g/ml) on the uptake of Lucifer yellow by WT and Akt3 Ϫ/Ϫ MPMs (n ϭ 7). G, effect of Akt3 siRNA treatment on phosphorylation of NDRG1 and expression of NDRG1, Akt3, and Cdc42 in human MDMs assessed by Western blotting. GAPDH expression was used as a loading control (n ϭ 6). H, uptake of Lucifer yellow dye by human MDM treated with control siRNA or Akt3 siRNA in the presence of 25 g/ml SGK1i (n ϭ 6). I, effect of 25 g/ml SGKi on cholesterol accumulation in human MDM (n ϭ 6). Human MDM were treated with Akt3 or control siRNA treatment and then cultured in the presence of 1 mg/ml LDL and 25 g/ml SGK1i overnight, and cholesterol content was quantified. Data represent means Ϯ S.E. *, p Ͻ 0.05. Data are representative of at least three independent experiments and are quantified from at least three independent experiments.
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cific phosphorylation substrate (29) , was significantly increased in Akt3 Ϫ/Ϫ MPMs, demonstrating enhanced SGK1 activity in these cells (Fig. 3C, bottom panel) . Interestingly, NDRG1 expression was decreased in Akt3 Ϫ/Ϫ MPMs compared with WT MPMs (Fig. 3C ). K-650394, an inhibitor of SGK1, suppressed pinocytosis in Akt3 Ϫ/Ϫ MPMs, having a significant effect on pinocytosis in WT MPMs (Fig. 3D) . Importantly, the SGK1 inhibitor was able to prevent the excessive foam cell formation we observed in Akt3 Ϫ/Ϫ MPMs incubated with native LDL (Fig. 3E ). There was no significant effect of the SGK1 inhibitor on foam cell formation in WT MPMs (Fig. 3E) , suggesting that, in Akt3-expressing cells, SGK1-dependent pinocytosis is suppressed. Indeed, the SGK1 inhibitor suppressed uptake of Lucifer yellow dye (a tracer for pinocytosis) in Akt3 Ϫ/Ϫ MPMs but not in WT MPMs (Fig. 3F) . We next tested whether Akt3 has an effect on SGK1 in human monocyte-derived macrophages. Knockdown of Akt3 by siRNA in human MDMs led to increased SGK1 activity (phospho-NDRG1/ NDRG1 ratio) without inducing changes in SGK1 protein expression (Fig. 3G) . Moreover, we observed that the SGK1 inhibitor eliminated the increased pinocytosis that was observed in human MDMs treated with Akt3 siRNA (Fig. 3,  H and I) . Taken together, these findings demonstrate that increased SGK1 activity mediates increased macropinocytosis in Akt3-deficient macrophages.
Cdc42 is involved in increased pinocytosis of Akt3
؊/؊ macrophages Cdc42, a small GTPase of the Rho family, plays an important role in actin reorganization and polymerization and macropinocytosis (30) . We tested whether Cdc42 is involved in increased macropinocytosis of Akt3 Ϫ/Ϫ MPMs. ML141, an inhibitor of Cdc42, rendered pinocytosis similar in Akt3 Ϫ/Ϫ and WT MPMs (Fig. 4A) . In a similar fashion, the Cdc42 inhibitor inhibited excessive accumulation of either Lucifer yellow dye (Fig. 4B ) or cholesterol derived from LDL (Fig. 4C ) in human MDMs with suppressed expression of Akt3. Cdc42 activity and protein expression were increased in Akt3 Ϫ/Ϫ MPMs (Fig. 4, D and E) . We observed similar effects on Cdc42 in human MDMs with suppressed expression of Akt3 (Fig. 4F) . MPMs exposed to 500 /ml LDL in the presence or absence (control) of SGK1 inhibitor. Center panels, F-actin formation (white arrows) at higher magnification. The actin cytoskeleton and the nuclei were visualized by staining with Alexa Fluor 488-phalloidin and DAPI, respectively. Scale bars ϭ 25 m, n ϭ 8. Right panels, quantification of phalloidin fluorescence intensity. J, macrophages treated with 500 g/ml LDL in the presence or absence of 25 g/ml SGK inhibitor (GSK650394) for 4 h. Cells were stained with 0.6 M TRITC-phalloidin. TRITC-phalloidin⅐F-actin complexes were extracted, and fluorescence was measured by SPECTRAmax GEMINI XS. Data represent means Ϯ S.E. *, p Ͻ 0.05. Data are representative of at least three independent experiments.
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Moreover, increased pinocytosis in these cells was normalized by the Cdc42 inhibitor (Fig. 4B ). This increase in protein level of Cdc42 in Akt3 Ϫ/Ϫ MPMs was abolished by the SGK1 inhibitor, indicating that Cdc42 is downstream of SGK1 (Fig. 4E) . Interestingly, LDL enhanced SGK1 expression in Akt3 Ϫ/Ϫ MPMs but not WT MPMs (Fig. 4E) . Taken together, these data indicate that a lack of Akt3 in murine and human macrophages elevates pinocytosis of LDL through an SGK1/Cdc42 pathway.
Rac1 and RhoA are other major small GTPases of the Rho family involved in cytoskeletal rearrangements. In addition, Rac1 activates SGK1 in a PI3K-independent manner (31). To investigate whether Rac1 is involved in the activation of SGK1 in Akt3
Ϫ/Ϫ MPMs, we assessed Rac1 expression in Akt3
MPMs. Western blot analysis showed that the Rac1 protein level is similar in WT and Akt3 Ϫ/Ϫ macrophages, independent of preincubation with LDL, whereas its expression was slightly decreased in Akt3 Ϫ/Ϫ macrophages treated with the SGK1 inhibitor (Fig. 4G, top panel) . Rac1 activities were similar in WT and Akt3 Ϫ/Ϫ MPMs (Fig. 4G, bottom panel) . We also found no changes in the expression of RhoA (Fig. 4H) . These data suggest that SGK1 and Cdc42 are the major players associated with enhanced pinocytosis in Akt3 Ϫ/Ϫ MPMs.
F-actin assembly is suppressed in Akt3
؊/؊ macrophages When cells were treated with native LDL in the presence of SGK1 inhibitor, F-actin assembly was reduced in Akt3 Ϫ/Ϫ MPMs, whereas no significant change in WT MPM was observed (Fig. 4I) , suggesting that SGK1 promotes F-actin formation in Akt3 Ϫ/Ϫ macrophages.
Increased WNK1/WNK3 expression may contribute to enhanced SGK1 activity in murine macrophages
SGK1 can be activated by multiple kinases, including WNK family members (WNK1, WNK2, WNK3, and WNK4) (32, 33) . It has been shown that SGK1 activity correlates with the expression of WNKs (33) . Interestingly, WNKs are also substrates of Akt, providing a possible link between SGK1 and Akt kinases. We hypothesized that the expression of WNK family members is modulated by the absence of Akt3, leading to changes in SGK1 activity. To test our hypothesis, we assessed the protein levels of WNK1-4 in WT and Akt3 Ϫ/Ϫ MPMs by Western blot analysis. As shown in Fig. 5A , WNK1 and WNK3 levels are increased in Akt3 Ϫ/Ϫ MPMs compared with WT MPMs, whereas the levels of WNK2 and WNK4 were similar in WT and Akt3 Ϫ/Ϫ MPMs. To investigate whether Akt3 deficiency directly contributes to increased expression of WNK1 and WNK3, we overexpressed Akt3 in Akt3 Ϫ/Ϫ MPMs and assessed WNK expression in these cells. Upon overexpression of Akt3, the protein levels of WNK1 and WNK3, but not of WNK2 or WNK4, decreased to a level that is comparable with WT MPMs (Fig. 5A) . We next tested whether increased levels of WNK1 and WNK3 are mechanistically linked to SGK1 activation. Interestingly, knockdown of WNK1 with siRNA suppressed the expression of both WNK1 and WNK3 (Fig. 5B) . This inhibition was associated with significantly decreased SGK1 activity (Fig.  5C ). In contrast, knockdown of WNK3 in MPMs led to moderately decreased SGK1 activity in Akt3 Ϫ/Ϫ MPMs with suppressed expression of WNK3 (Fig. 5C) . Importantly, inhibition of WNK1 or WNK3 suppresses pinocytosis in Akt3 Ϫ/Ϫ macrophages (Fig. 5D ). These data indicate that Akt3 regulates the protein levels of WNK1 and WNK3 in macrophages, which, in turn, regulates SGK1 activity and pinocytosis via Cdc42 activity and actin assembly.
Discussion
Our study is the first to show that the Akt3/WNK axis acts as a negative regulator of actin-dependent macropinocytosis in murine and human macrophages. It demonstrates that dysregulation of this pathway may accelerate the accumulation of cholesterol in macrophages in a hyperlipidemic milieu. Our previous study of increased macrophage-dependent atherosclerosis in Akt3 Ϫ/Ϫ macrophages and a parallel increase in non-receptor-mediated uptake of LDL by Akt3 Ϫ/Ϫ macrophages indicates that the pathway is relevant in vivo (21) .
The role of Akt kinases in pinocytosis has been studied previously, but not in an isoform-specific manner. The critical role 
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of phosphoinositide 3-kinases and Akt has been demonstrated in the Dictyostelium ameba, an organism with active macropinocytosis (23) . Akt is recruited to inositol 1,4,5-trisphosphatecontaining micropinosomes (34) . The PI3K/Akt pathway also mediates pinocytosis in microglia (16) . In macrophages, activation of mTORC1 by extracellular amino acids requires Akt-dependent macropinocytosis (35) . On the other hand, M-CSFinduced macropinocytosis in macrophages was not affected by Akt inhibitor but was dependent on phospholipase C (PLC), Ras, and PKC activity (15) . Macropinocytosis in bladder cancer cells was PI3K-dependent but Akt-independent (36) . Thus, the Akt involvement in pinocytosis seems to be cell type-and stimulus-specific. We have recently demonstrated a specific macrophage-dependent atheroprotective role for Akt3 in hyperlipidemic ApoE Ϫ/Ϫ mice (21). Akt3 suppresses atherosclerosis by restricting cholesteryl ester accumulation and foam cell formation in macrophages. Mechanistic studies demonstrated that Akt3 Ϫ/Ϫ macrophages accumulate cholesterol esters via two complementary mechanisms: increased lipoprotein uptake via pinocytosis and increased conversion of cholesterol into its storage form, cholesterol ester, because of an increased protein level of the cholesterol-esterifying enzyme ACAT1. This study elucidates the molecular pathway leading to increased pinocytosis in macrophages. It demonstrates that, although the PI3K/Akt pathway is considered a positive regulator of pinocytosis, there is a branch of this pathway that constitutively suppresses pinocytosis in macrophages and that deregulation of this branch leads to activation of pinocytosis.
Akt3 activity is regulated by several factors under physiological and pathological conditions, including sex hormones and microRNAs. Original studies of breast cancers showed that expression of Akt3 is greatly increased in estrogen receptordeficient cancer cells (37) , indicating that Akt3 expression may be negatively regulated by estrogen. Recent studies have shown that MiR-29 specifically inhibits Akt3 expression in BHK-21 cells and mouse skeletal muscle; however, its effect on Akt3 in macrophages is not known (38) . Interestingly, miR-29 has been found to exert pro-atherosclerotic effects. Enhanced miR-29a levels were associated with an early stage of atherosclerosis (39) . Sustained administration of locked nucleic acid (LNA)-miR-29, an miR-29 inhibitor, into an atherosclerotic mouse model improves indices of plaque morphology (40) . Oxidized LDL in atherosclerotic lesions up-regulates miR-29b in human aortic smooth muscle cells (41) . Other transcriptional regulators of miR-29s include inflammation-related genes, NFB and CCAAT/enhancer-binding proteins (C/EBPs). Taking these finding into consideration, it is conceivable that constitutive (basal) Akt3 activity is regulated under physiologic and pathological conditions, particularly in proinflammatory conditions of atherosclerotic lesions, contributing to regulation of pinocytosis of LDL by macrophages and subsequent foam cell formation.
F-actin formation is the crucial step in pinocytosis (42) . Several studies have shown that Akt regulates F-actin formation via small GTPases (Cdc42, Rac1, and RhoA) and Girdin/Akt-phosphorylation enhancer (43, 44) . Akt activation promotes microglial pinocytosis induced by ATP␥S, which contributes to Alzheimer's disease (16) . Although the Akt isoform regulating F-actin is not known, it is likely that Akt1, a major Akt isoform, is expressed in most cells, including macrophages. This is in line with previous observations that Akt1 Ϫ/Ϫ in macrophages is less efficient in uptake of LDL, even though the mechanism of reduced uptake has not been elucidated (21, 45) . We found no increase in total Akt activity in the absence of Akt3, indicating that other isoforms of Akt are not activated as a compensatory mechanism. We also ruled out the idea that the major downstream targets of the Akt signaling pathway, including GSK3␣, mTOR, and NFB, were involved in increased pinocytosis in Akt3 Ϫ/Ϫ macrophages. Instead, we demonstrated that, in the absence of Akt3, a close relative of Akt kinases, SGK1 kinase, is activated, leading to increased pinocytosis.
Akt and SGK kinases share similar downstream substrates and sometimes act redundantly in the control of signaling pathways (25) . For example, elevated SGK1 activity contributes to resistance of breast cancer cells to Akt inhibitors (28) . Our study demonstrates that the lack of activity of one specific member of Akt family in macrophages leads to increased SGK1 activity, overcompensating for a loss of Akt and leading to increased pinocytosis. SGK1 can be activated via Rac1 (31) . However, we observed no increase in Rac1 expression or activity in the absence of Akt3, indicating that this pathway does not contribute to SGK1 activation in Akt3 Ϫ/Ϫ macrophages. In contrast, we found that SGK1 is activated via WNK kinases. Similar to our observation in Akt3 Ϫ/Ϫ macrophages, Wilson et al. (46) showed that phosphorylation of NDRG1 was elevated, whereas the NDRG1 level was decreased in insulin-induced mouse polarized kidney cortical collecting duct (mpkCCD) cells (46) . Moreover, it was reported that phosphorylation of NDRG1 induces its degradation via proteasomal pathway (47); thus, it is likely that NDRG1 stability is reduced in Akt3
The WNK family of serine-threonine kinases is composed of four members: WNK1, WNK2, WNK3, and WNK4. WNK kinases play important roles in the regulation of electrolyte homeostasis, cell signaling, survival, and proliferation (48) . Contribution of WNKs to fluid-phase pinocytosis has not been reported previously. Overexpression of the N termini of all four WNKs results in activation of SGK1 (33) . In kidney epithelial cell line HEK293 cells, SGK1 was strongly activated by WNK1 and WNK4, whereas the effect of WNK2 and WNK3 on SGK1 activation was modest (33) . Our study demonstrates that in Akt3 Ϫ/Ϫ macrophages. WNK1 and WNK3, but not WNK2 or WNK4, promote activation of SGK1, indicating the cell specificity of the effect. Published data suggest that WNK3 is a phosphorylation substrate of Akt (49), whereas WNK1 is a substrate for both SGK1 and Akt, and both kinases can phosphorylate WNK1 at Thr-58/60 (50) . It has been assumed that Akt2 and Akt3, but not Akt1, are responsible for WNK1 phosphorylation (51) . Whether Akt3 regulates WNK1 and WNK3 expression through direct interaction (e.g. phosphorylation-induced degradation of WNK1 by Akt3) or through transcriptional, translational, and/or posttranslational regulation by Akt3-dependent signaling pathways is unknown. Additionally, whether Akt3 regulates WNK1 and WNK3 expression via the same mechanism is also unknown. Hence, the mechanism by which Akt3 suppresses macrophage pinocytosis of LDL loss of Akt3 leads to elevated WNK1 and WNK3 expression needs further investigation.
The Rho family GTPases (Cdc42, Rac1, and RhoA) are master regulators of actin assembly and subsequent pinocytosis. RhoA regulates actin-myosin contractility in the cell body, and its activity is associated with membrane protrusion, peripheral ruffles, and pinocytic vesicles (52) (53) (54) . Rac1 activates macropinocytosis in many cell types, including neutrophils, dendritic cells, macrophages, podocytes, and fibroblasts, by stimulating F-actin-rich ruffle formation (55) (56) (57) (58) . Cdc42 has been shown to positively regulate macropinocytosis in macrophages and dendritic cells (59, 60) . In this study, we observed that enhanced pinocytosis of Akt3 Ϫ/Ϫ macrophages was suppressed by a Rac/ Cdc42 inhibitor. Cdc42 expression and activity was increased in Akt3 Ϫ/Ϫ macrophages, whereas no change in Rac1 expression or activity was observed, indicating that enhanced Cdc42 is responsible for increased F-actin formation and subsequent pinocytosis in Akt3 Ϫ/Ϫ macrophages. The relationship between SGK1 and Cdc42 is still unknown. Our study suggests that SGK1 may activate Cdc42 by direct interaction with Cdc42. However, the mechanism by which SGK1 activates Cdc42 needs further investigation.
In sum, our study shows that, in macrophages, Akt3 suppresses expression of WNK1 and WNK3, which, in turn, restricts SGK1 activation and negatively controls Cdc42 activity and subsequent actin-dependent macropinocytosis of LDL. The finding that Akt3 inhibits foam cell formation via a specific pathway provides a promising new therapeutic target in atherosclerosis.
Experimental procedures
Materials
LDL was isolated and iodinated as described previously (61) (62) (63) . Antibodies against Akt1, pan-Akt, phospho-Akt (Ser-473), phospho-Akt (Thr-308), phospho-NDRG1, NDRG1, HA tag, and WNK4 were purchased from Cell Signaling Technology. Antibodies against WNK1 were from GeneTex. Anti-Akt3 and anti-WNK2 were from Millipore and anti-GAPDH from Sigma. Anti-WNK3 antibody was purchased from Santa Cruz Biotechnology. The mTOR inhibitor (rapamycin) and NFB inhibitors (BAY 11-7082) were from Calbiochem. The glycogen synthase kinase 3 (GSK3) inhibitor (SB 415286), V-ATPase inhibitor (bafilomycin A1), Lucifer yellow dye, Src inhibitor (SU6656), actin polymerization inhibitor (cytochalasin D), and Cdc42 inhibitor (ML141) were purchased from Sigma. The SGK1 inhibitor (GSK650394) was purchased from Santa Cruz Biotechnology. Mouse and human M-CSF were from eBioscience. Alexa Fluor 555-conjugated cholera toxin and TRITCphalloidin were from Thermo Fisher Scientific.
Animal procedures
We used littermate-derived sex-, age-, and genetic background-matched mice in our experiments. Akt3 Ϫ/Ϫ mice were generated as described previously (21) . Akt3 Ϫ/Ϫ mice were backcrossed ten or more times to C57Bl/6. After the final backcross, heterozygotes were mated to create backgroundmatched wild-type and Akt3 Ϫ/Ϫ mice for this study. MPMs were harvested from mice 3 days after intraperitoneal injection of thioglycolate. For each experiment, MPMs collected from three to five mice were mixed for treatments. We performed all procedures according to protocols approved by the Cleveland Clinic Institutional Animal Care and Use Committee (IACUC).
Human MDMs
All experiments performed with human blood were approved by the Institutional Review Board of the Cleveland Clinic. Informed consent was obtained in accordance with the Declaration of Helsinki. Monocytes were isolated from the blood of healthy donors (n ϭ 6) by density centrifugation with Lymphoprep (Axis-Shield, Oslo, Norway) following the protocol of the manufacturer. The monocyte population was enriched by discarding non-adherent cells after 2 h incubation at 37°C in a 5% CO 2 atmosphere. Monocytes were differentiated into macrophages by cultivation in RPMI 1640 medium containing 10% FBS and 50 ng/ml human M-CSF for 7 days.
In vitro cell-based assays
Isolation of thioglycolate-elicited MPMs and the 125 I-LDL cell association assay were performed as described previously (21) . The foam cell formation assay was performed as follows. MPMs were cultured on glass slides in RPMI 1640/0.5% BSA and 1 mg/ml LDL for 24 h in the presence or absence of 25 g/ml SGK1 inhibitor. Then the cells were fixed with 4% formaldehyde, stained with oil red O and counterstained with hematoxylin. The foam cell formation assay of human MDM was performed as follows. Human MDMs were treated with control or Akt3 siRNA and then incubated with 100 g/ml of LDL for 48 h before fixation and oil red O staining, and quantification of macrophage foam cells was performed as described previously (21) .
Pinocytosis assay
The pinocytic activity of macrophages was assessed as described before (64, 65) . Briefly, Lucifer yellow CH (SigmaAldrich) was dissolved in 10% FBS/RPMI medium at 0.5 mg/ml. The Lucifer yellow medium was then added to macrophages that were cultured in 24-well plates (0.5 ml/well) in the presence of the indicated inhibitors. The plates were then either maintained on ice as a control or incubated at 37°C for 2 h. The wells were drained and washed with PBS containing 1 mg/ml BSA three times and with PBS five times. After washing, cells were lysed by Triton X-100 (0.05%, 250 l/well). Fluorescence of the lysate was read by SPECTRAmax GEMINI XS using excitation at 430 nm and emission at 540 nm.
Western blot analysis
MPMs were collected and plated in 6-well plates and synchronized by overnight serum depletion. Cells were then incubated with 10% FBS/RPMI containing 50 ng/ml M-CSF for 6 h before harvest. Cells were lysed in lysis buffer (Cell Signaling Technologies) with protease and phosphatase inhibitor (Roche). Equal amounts of lysate protein were separated by SDS-PAGE, blotted onto polyvinylidene difluoride membranes, and incubated with the corresponding antibodies. The specific signals were visualized by ECL substrate (Pierce). In a separate experiment, murine macrophages were treated with SGK1 inhibitor for 24 h before harvest. Cells were collected and lysed. Expression of Cdc42 and RhoA was assessed by Western blot analysis.
Immunofluorescent staining of actin in macrophages
Immunofluorescent staining was performed as described previously (66) . Briefly, peritoneal macrophages of WT and Akt3 Ϫ/Ϫ mice were exposed to 500 g/ml LDL in the presence or absence of 25 g/ml SGK1 inhibitor (GSK650394) for 4 h. After treatment, cells were fixed, permeabilized, and stained with Alexa Fluor 488-conjugated phalloidin to visualize F-actin. The fluorescence intensity of F-actin was measured as a mean gray value using ImageJ software.
Cellular F-actin quantification
F-actin content was quantified by an adaptation of the methods described by Cano et al. (67) and Atkinson et al. (68) . Cells were cultured in a 48-well plate and treated with 500 g/ml LDL in RPMI/0.5% BSA medium in the presence or absence of 25 g/ml SGK inhibitor (GSK650394) for 4 h. Thereafter, cells were fixed with 4% paraformaldehyde and stained for 2 h with a solution containing 0.6 M TRITC-phalloidin and 0.5% Triton X-100 in PHEM (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, and 2 mM MgSO4, pH 6.9) buffer. Cell solutions were collected and centrifuged at 80,000 rpm (346,000 ϫ g) for 15 min at 4°C (TL-100, Beckman Instruments, Inc.). The supernatant was discarded, and the pellets were extracted for 24 h in 500 l of methanol. The fluorescence was read by SPECTRAmax GEM-INI XS (excitation 540 nm, emission 575 nm).
siRNA transfection
Control and Akt3 siRNA were purchased from Santa Cruz Biotechnology. MISSION siRNA transfection reagent was from Sigma. Human monocytes were differentiated into macrophages by treatment with M-CSF. Human macrophages were treated with control siRNA or Akt3 siRNA according to the protocol of the manufacturer. After transfection, cells were used for an in vitro pinocytosis assay or Western blot analysis to assess expression of phospho-NDRG1, NDRG1, Akt, and Cdc42. In a separate experiment, murine macrophages were treated with control siRNA, WNK1 siRNA, or WNK3 siRNA in the presence of MISSION siRNA transfection reagent.
Akt3 cDNA transfection
Macrophages were transfected with control cDNA or Akt3-HA cDNA with jetPEI-Macrophage DNA transfection reagent (PolyPlus Transfection) for 24 -48 h. After transfection, macrophages were used for the pinocytosis assay using Lucifer yellow dye, for immunofluorescent staining to determine the transfection efficiency, or for Western blot analysis to assess expression of the HA tag and WNK1-4.
Statistical analysis
All experiments were conducted two to three times, and representative results are presented. Data are presented as mean Ϯ S.E. The statistical significance of differences was evaluated using Student's t test or Mann-Whitney U test. Significance was accepted at the level of p Ͻ 0.05. When multiple comparisons were made, a Bonferroni correction was made for each test.
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